E.;oherichia coli topoisomerase I (formerly w-protein) is a 110,000-dalton protein capable of catalyzing the relaxation of negatively superhelical DNA (19) , the knotting of singlestranded circular DNA (10) , and the catenation of two duplex circular DNAs if one of the DNA molecules contains a single-strand scission (1, 18) . A genetically and mechanistically distinct type of enzyme, topoisomerase II (formerly DNA gyrase) in E. coli, has also been identified in several organisms (6, 8) . In addition to a superhelical relaxing activity (7), E. coli topoisomerase II has the diametrically opposed ability to catalyze the ATP-dependent introduction of negative supercoils into DNA (2) . The associated activities of topoisomerases I and II suggest that the ability to regulate the superhelical density of DNA molecules is important to cellular function. Deletion mutants in the structural gene for topoisomerase I, designated topA, have been described (16) and have been shown to lead to an increase in the superhelical density of the DNA present in the mutants (12) . The interdependence of E. coli topoisomerases was demonstrated when E. coli strains containing deletion mutants covering the gene for topoisomerase I were found to contain compensatory mutations in gyrA or gyrB, the structural genes for topoisomerase II (4, 12) . The compensatory mutations in the gyrA or gyrB loci apparently reduce, rather than eliminate, the activity of topoisomerase II, since it is known that mutations which eliminate topoisomerase II activity are conditionally lethal (11) . Besides being critical for DNA replication and site-specific recombination, the regulation of superhelix density also appears to be critical for transcription (15) . This was first demonstrated when the supX mutation was isolated in Salmonella typhimurium as a suppressor of promoter mutations in the leucine biosynthetic pathway and was later mapped to the topA locus (17) . Presumably, the phenotype of supX is a result of increased negative superhelical density that facilitates RNA polymerase binding and subsequent transcription of the DNA. It also appears that many other types of second-site mutations can occur in topA E. coli. Repeated passage of topoisomerase I-deficient E. coli on rich media eventually results in a strain that can no longer survive on a minimal medium in which the original parent strain could grow (unpublished data). This observation suggests that the presence of topA mutations results in a selection for altered expression of metabolic genes.
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Topoisomerase I has also been found to participate in reactions that are catalyzed by other DNA enzymes in vitro and halted at some intermediate stage as a result of topological inhibition. An example is the topological linking of circular duplex and circular single-stranded DNA, annealed by homologous pairing and catalyzed by the E. coli recA protein (13) . This reaction may be related to the mechanisms of initiation of ostreplication repair and general genetic recombination in vivo. To test the effect of topoisomerase I mutations on plasmid recombination, the isogenic set of strains listed in Table 1 were examined for their recombination proficiency. Strain SY791 was used in our experiments because it lacked a second-site mutation that we found to be present in parent strain DM700 and in other topoisomerase I-deficient strains examined, which precluded their use. We have mapped this mutation (unpublished data) to the acrA gene locus, which is known to confer hypersensitivity to acridines and tetracycline. Table 2 shows the frequency of plasmid recombination determined for the set of isogenic strains described in Table  1 , using pRDK301 as a substrate(s). Plasmid pRDK301 is a tandemly repeated dimer of pBR322 that contains two different mutant tetracycline resistance genes . Recombination of these allelic mutations to produce a wild-type, tetracycline-resistant gene product was used to determine the frequency of plasmid recombination as previously described (5) at 37'C. The average of several independent determinations are described. b Defective F-factor derivative containing chromosomal insert with the structural gene for topoisomerase I and the cysB gene locus. This low-copy plasmid is compatible with pBR322.
(5). A 1,000-fold reduction in the frequency of plasmid recombination was found in E. coli SY791, which contains a deletion of the topoisomerase I locus. The reduction in plasmid recombination could be fully complemented if the low-copy plasmid pJW249 (20) , containing the cloned topoisomerase I gene, was introduced into SY791. This result suggests that the superhelical configuration of plasmid parents participating in genetic recombination is important for the generation of recombinants. Alternately, a deficiency in topoisomerase I could affect the expression of proteins required for plasmid recombination. SY797 was found to reduce plasmid recombination only slightly. This observation is consistent with the high level of residual topoisomerase I activity present in cell extracts of this strain (see Fig.  2 ).
A second method for the measurement of genetic recombination is the examination of oligomeric interconversion (9) . Figure 1 shows the extent of oligomeric interconversion that occurred in strain SY791 when either purified monomer (lane B) or tetramer (lane C) pACYC184 DNA was introduced. The results showed that both the conversion of monomeric pACYC184 to higher oligomeric forms and the conversion of tetrameric pACYC184 to lower oligomeric forms was reduced in topoisomerase I deletion strain SY791. The deficiency in the interconversion of circular oligomers observed with the SY791 topA strain could be comple- mented by the introduction of a low-copy plasmid containing the cloned topoisomerase I gene (data not shown).
To assess the level of topoisomerase I activity in strains containing mutations in the topoisomerase I gene and to verify their genotype, we assayed lysates prepared from these strains for relaxing activity on superhelical plasmid DNA. Figure 2 illustrates the effect of temperature on topoisomerase I activity in vitro. The significant residual topoisomerase I activity observed in strains containing the A(topA-cysB)700 deletion or the toplO point mutation at 30°C was found to be decreased or eliminated at 42°C. This residual activity was not sensitive to naladixic acid or coumermycin (data not shown). Because of the apparent temperature sensitivity of the topoisomerase I mutations it seemed likely that plasmid genetic recombination would also be temperature sensitive. Table 3 shows the results of plasmid recombination carried out at 30 and 42°C. Instead of the expected decrease in plasmid recombination predicted by reduced topoisomerase I activity at 42°C, we found an increase in the frequency of plasmid recombination relative to wild type, as well as a further decrease in the recombination deficiency at 30°C. These results suggested a more complex relationship between topoisomerase I activity and plasmid recombination.
The effect of temperature could be the result of either direct or indirect participation of topoisomerase I in the process(es) of plasmid recombination. One possible indirect effect proposes that strain SY791 contains a temperaturesensitive topoisomerase II. A temperature-sensitive DNA gyrase would reduce the superhelical density to a more normal level at 42°C. DNA that is normally supercoiled could then participate in genetic recombination. Another possible indirect effect would be a result of altered gene expression. Incubation of topoisomerase I-deficient E. coli at high temperature would presumably alleviate reduced gene expression in a manner similar to supX or by allowing transcription through increased promoter "melting." Finally, topoisomerase I could participate directly in plasmid genetic recombination. The absence of topoisomerase I at high temperature would then be complemented by the activation or inactivation of another protein. A possible candidate for an activated second protein is topoisomerase III, which has been shown to be more active at higher temperatures (3). An exact determination of the role of topoisomerase I in plasmid recombination will most likely await its study in an in vitro recombination system to eliminate the possibility of indirect effects.
